The present paper describes an investigation of the physical factors affecting the ignition of solid explosives by heated filaments embedded in the medium. The filaments were com posed of fine resistance wire and were heated electrically, the critical thermal energy required to cause ignition being measured for wires of different geometrical, thermal and electrical characteristics and for different times of heating. Systematic variation of these factors enabled the energy equation for the ignition process to be formulated and its terms analyzed, the technique involving extrapolation to zero time of heating as a means of eliminating heat losses from the ignition system, and extrapolation to zero diameter of wire in ordetf to eliminate terms involving the heating element; the former simulates the ideal case of a heat-insulated ignition system and the latter that of a line source of hea';.
A thermal theory of ignition and flame propagation is attractive, especially to physicists and engineers, because it involves temperature and heat, the essential elements for the application of thermodynamics to explosion problems. Briefly, the thermal theory postulates that an explosive medium ignites spontaneously when its temperature reaches a certain critical value, known as the * ignition temperature ', and that a flame, once started, is capable of self-sustained propagation if the heat communicated from the burning layer to the adjacent unbumt layer is sufficient to raise the latter to the ignition temperature. One method of testing this theory would be to generate heat in the explosive medium and deduce the critical temperature from the critical quantity of heat required for ignition. Care should be taken, however, to choose an Unambiguous source of heat, since the generation of heat, especially in a gas, is liable to cause expansion and, if this occurs very rapidly, much of the energy of the source may be wasted in doing mechanical work. For example, an electric spark passed through a loose heap of even sensitive explosives like gun cotton or mercury fulminate may succeed only in scattering the material, whereas a smaller spark will cause ignition if the explosive is constrained. A similar effect may be observed when a detonator is fired in a heap of gunpowder or when a charge of certain high explosives is fired in an explosive firedamp atmosphere. It is not sufficient merely to measure the energy dissipated by the igniting source; the pro portion of this energy appearing as sensible heat in the medium must be determined.
Again, if the process of raising the explosive to its ignition state occupies a finite time, some loss of heat to the surroundings is inevitable and such losses should, of course, be taken into account.
Bearing these observations in mind, it will be seen th at the use of a solid medium, with its negligibly small coefficient of expansion in comparison with th at of a gas, offers a means of reducing to insignificance the energy wasted in doing work against atmospheric pressure, no m atter how rapid the heating process. Further, the use of a rigid medium inhibits relative movement, thus preventing loss of heat by convexion or by creating kinetic energy. These advantages appear to be afforded by the method described by Morgan (1925) , wherein use was made of the small electric igniters, or 'low-tension fuseheads', which form a part of the ordinary commercial electric detonator.
The low-tension electric fusehead, as used by Morgan, consists essentially of a match-head formed round a small resistance element, the heating of which on passing a suitable current causes the match-head to ignite. The match-stalk consists of a narrow strip of cardboard with metal foil on either side, the foils being 'bridged' a t the tip by a fine resistance wire attached by soldering. The tip is 'stepped ' so th at when the match-head is formed by the usual process of 'dipping', the sensitive composition fills the step and thus completely surrounds the bridge-wire for most of its length. The construction of the device is shown diagrammatically in figure 1. In Morgan's experiment 'the object was to find the current required for ignition when the duration of current was limited to a definite interval of tim e', and the conclusion was that 'experiments on the ignition of highly inflammable solids by means of very short hot wires show that the energy required for ignition increases with diminution of the rate of heating and that, over a wide range, a linear relation exists between the energy and the time during which it is supplied'.
If the assumption is now made th at the ignition energy has a specific value for a given type of fusehead, it follows that its apparent increase with diminution of the rate of heating must be due to increasing energy losses with time; in which case the losses can conveniently be eliminated by extrapolating to zero time of heating. This critical value can be derived from Morgan's results, but its full significance cannot be ascertained because of the uncertainty regarding the way in which this energy is divided between the bridge-wire and the explosive medium. If by a suitable extension of Morgan's experiment this difficulty can be resolved, it should then be possible to measure the critical energy which must be given to the explosive in order to effect ignition. The present experiments were undertaken with this object in view.
I t is significant to note that the above argument is based on the assumption that, in ignition systems of the type under consideration, the critical energy for ignition is independent of time and that it is the loss of energy in the ignition process which varies with time. This, therefore, is the hypothesis underlying the present investiga tion and one object of the work will be to test this hypothesis. It is also worth noting th at this hypothesis is implicit in our statement of the thermal theory of ignition so th at this test is, in fact, a test of the thermal theory.
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E x p e r im e n t a l
For commercial use, fuseheads of the type described require the use of very sensi tive explosives, but, so that the present investigation should not be unduly restricted in this respect, three match-head compositions of varying sensitivity were examined. The compositions were chosen to include both single explosive compounds and heterogeneous explosive mixtures, one a mechanical mixture of non-explosive ingredients. By thus introducing a wide range of chemical variables, it was hoped to subject our purely physical hypothesis to a more stringent test. The compositions actually selected were: (1) copper acetylide, (2) a mixture of four parts by height of lead mononitroresorcinate (LMNR.) to one of potassium chlorate, and (3) a mixture of five parts by weight of potassium chlorate to one of birchwood charcoal. The powders were bonded together to form a rigid matrix by the use of a small amount of nitrocellulose in each case.
The bridge-wire can vary in material, length and diameter, all of which are capable of more or less rigid control. The bridges actually employed in the experiments comprised a series of nichrome wires varying in length from 0*9 to 2*9 mm. and in diameter from 1*3 to 7*8xl0-3cm., together with some miscellaneous wires of copper, platinum, tin and lead.
To fire the fuseheads, direct current was applied through a pendulum timeswitch which could be adjusted to give time intervals from 1 to 60 x 10-3 sec. The instrument was calibrated at each setting by measuring with a fluxmeter the quantity of electricity passing through the switch on applying a known small current.
In each experiment carried out at a particular setting of the time-switch, some preliminary trials were made to ascertain roughly the value of the mean firing current corresponding to the time of application concerned and then twenty tests, each with a fresh fusehead, were made at each of two currents, one slightly above and the other just below the expected mean, the proportion of ignitions occurring at each current being noted. The true value of the mean firing current for that particular time of current application was obtained by interpolating the point at which 50 % ignitions would occur. I t may be noted that the 'mean firing current' is associated with a unique value of the application time and, to avoid any ambiguity, this will be called the-' excitation tim e'. In other words, the excitation time is the time for which a specified current must be applied in order to fire, on the average, 50 % of the fuseheads. Similarly, the 'mean firing current' is the value of the firing current which, when applied for a stipulated time, causes 50 % of the fuseheads to ignite.
Time of current application
Using the experimental procedure outlined above, the mean firing currents corre sponding to various times of current application were determined for a batch of fuseheads of the same kind. In this case, the bridge-wire had a mean length of 1*51 mm. and a mean resistance of 1*18 Q, the original wire being nichrome of dia meter 0-0042 cm. and linear resistance 7-8Q/cm. The fusehead composition consisted of four parts of LMNR to one of potassium chlorate, the materials being bonded together with nitrocellulose. Four periods of current application were selected, viz. 50, 25, 12 and 5 x 10-3sec., and the results obtained are represented graphically in figure 2. I t will be seen that, whereas the mean firing current falls with increasing applica tion time, the critical energy rises and, moreover, th at a linear relationship exists between the critical energy for ignition and the excitation time, confirming Morgan's earlier conclusion. Thus, the results, expressed in terms of energy, can be represented by the following equation:
where E is the critical energy for ignition corresponding to an excitation time t, A is the intercept on the energy axis and B is the slope of the line. So far, then, the results confirm our hypothesis in th a t the critical energy for ignition under given conditions comprises two parts, one independent of time and the other a function of time. The results further show that the latter term is directly proportional to the excitation time. Equation (1) is the energy equatioh for the ignition process and, in the general case, will contain thermochemical and thermodynamic as well as sensible heat terms. Since, however, the means of ignition in these experiments was purposely chosen to avoid thermodynamic complications, this equation may be taken to express a heat balance, in which case it may be interpreted as meaning that, of the total heat, E, supplied to the ignition system, a part, A , is retained in the system and the remainder, Bt, escapes. Accepting this interpretation, it follows th at B represents the rate of loss of heat by the system, and the interesting conclusion is reached th at this is a constant with respect to excitation time.
I t is desirable a t this point to form some picture of the ignition system, and it seems reasonable to suppose th at the ignition system comprises the bridge-wire and th at portion of the surrounding explosive medium which must be brought to some critical condition in order th at a self-sustained reaction becomes possible. As yet, the amount of explosive involved in an ignition is unknown, but if, as a first approximation, it is assumed th at all the heat retained by the system is contained in the wire, the temperature of the wire can be calculated, and this, a t least, gives a figure which the temperature of the system as a whole cannot exceed. The value of A obtained from figure 2 is approximately 4*1 x 10-8 joule, or 1 x 10~3 cal., and, as the thermal capacity of the wire was about 2 x 10-6 cal,/° C, the maximum wire temperature is approximately 500° C, which, as we have seen, must be an over estimate. On the other hand, the rate of loss of heat, B, is approximately 25 x 10-8 cal./sec., so that, if the excitation time-or, as it might be called, the 'lag on ignition' -were 1 sec., the quantity of heat required to effect ignition would be 26 x 10-8 cal., i.e. sufficient to raise the wire to a temperature of about 13,000° C. I t will be seen, therefore, that when the ignition process occupies a finite time and due allowance is not made for heat losses, the apparent 'ignition temperature' is liable to be grossly exaggerated.
As the derivation of the quantity A involves extrapolation to zero excitation time, the physical significance of this procedure requires examination. The times measured are, of course, the times of application of the heating current and, in extrapolating to zero excitation time, we are simulating conditions in which sufficient heat is supplied instantaneously to make ignition inevitable but not necessarily immediate. The instantaneous supply of a finite quantity of heat to a real system is, of course, a physical impossibility, and, even if such a thing were possible, it is not likely that uniform distribution of the heat throughout the system would result immediately. On the other hand, if these processes occupy a time which is short relative to the measured excitation times, they can be assumed to occur instantaneously, relatively speaking. A clearer picture is probably afforded if the extrapolation process ig regarded as a convenient method of approaching the ideal state in which no heat is lost from the ignition System, i.e. the ideal case of a perfectly insulated system. The rate of loss of heat from the system is given by the slope'of the line, and the constancy of this slope throughout the experimental range justifies extrapolation to the hypothetical point where the time interval is too short to permit any such heat to escape. The heat contained in the system a t this point may be expressed in calories or, alternatively, as a function of the temperature of either the wire itself or the ignition system as a whole.
Bridge-wire characteristics Since the ignition system comprises only two parts, it follows that, if the total energy retained in the system is known, the amounts claimed by both components are known once the portion contained in any one component is isolated. I t has already been seen th at extrapolation to zero time simulates the case of a heatinsulated system, which satisfies our first condition. W ith a wire of given material, e.g. nichrome, the bridge-wire is completely characterized by its length and diameter, so that, if these two factors are successively eliminated, the wire vanishes and we are left with a one-component system, thus satisfying our second condition.
This process, however, gives no direct information regarding the effect of the characteristics of the wire material and, although the relevant properties must be self-evident once we postulate a purely thermal energy equation, the correctness, or otherwise, of this assumption can be subjected to the test of experiment by using wires of different thermal properties. Hence; it was decided to determine the effects on the critical energy for ignition of (a) length of bridge-wire, (6) diameter of bridgewire, and (c) material of bridge-wire.
(a) Bridge-wire length
To examine the effect of bridge-wire length on the critical energy for ignition, five batches of fuseheads were made in which the ' step ' lengths were varied so as to alter the lengths of the bridge-wires. The fuseheads were bridged, as before, with nichrome wire of diameter 0*0042cm. and linear resistance 7*8£2/cm. As it was necessary to test the electriqal resistance of each fusehead, the most convenient method of deter mining the lengths of the bridge-wires was to calculate them from the fusehead resistances and the known linear resistance of the wire. The mean lengths of the bridge-wires in the five lots of fuseheads were 0*87, 1*03, 1*51, 2*03 and 2*85 mm. respectively. The same match-head composition was used throughout, namely, 80 % of LMNR and 20 % of potassium chlorate. As before, the mean firing currents corresponding* to four different application times, ranging from 5 to 50 x 10-3sec., were determined for each of the five batches, the results of this experiment being represented graphically in figure 3.
As before, the results are represented by straight lines, the critical energy decreasing with decreasing excitation time but remaining finite when extrapolated to zero excitation time. Both the intercepts on the energy axis and the slopes of the lines vary with the length of the bridge-wire, so that, in the light of this new evidence, our original energy equation must be qualified, since it is true only for a particular length of bridge-wire. Consequently, we must write E = A + Bt, where l is the length of the bridge-wire.
In figure 4 , the critical energies for ignition have been plotted against length of bridge-wire for different excitation times, and, again, the results can be represented 
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by a series of straight lines cutting the energy axis a;t positive values and having positive gradients. Both the intercepts on the energy axis and the slopes of the lines vary depending on the excitation time, so th at the relationship between critical energy for ignition and length of bridge-wire may be represented by
and, on combining (2) and (3) The results, however, show th at when the intercepts, E 0, on the energy axis in figure 3 are plotted against length of bridge-wire, as in figure 5 , the line passes through the origin, which signifies that, when t = 0, equ therefore, F -0. Our energy equation thus becomes
The physical interpretation of equation (5) is still th at the heat supplied to the ignition system is equal to the heat absorbed plus the heat lost, but now we find th at the heat absorbed is directly proportional to the length of the bridge-wire, whereas the heat losses are of two kinds, one independent of the length of the bridge-wire and the other directly proportional to it. As the only variable concerned is the linear dimension of the bridge-wire, the fact that the heat losses are of two kinds im mediately suggests end-effects and lateral effects. In other words, there is loss of heat from the ends to the soldered joints and the metal foils, which is independent of the length of the bridge-wire, and there is also lateral loss of heat through the explosive medium, this being directly proportional to the length of the bridge-wire. The results are, therefore, consistent with our original supposition th a t the term B t in equation (1) does, in fact, represent the heat losses. Further, we have now arrived at the interesting conclusion that the heat transmitted to the explosive medium per unit length of wire is the same at all points along the wire.
Since the first term on the right-hand side of equation (5) represents the heat retained in the system, we can calculate, as before, the temperature of the wire on the assumption th at the whole of this heat remains in the wire. This was done earlier for one length of bridge-wire, i.e. 1*51 mm., and, since Ejl is constant when 0, the temperature will be the same for all lengths of bridge-wire, namely, approxi mately 500° C. In other words, the temperature is constant all along the length of the bridge-wire, and it is not surprising that both the rate of loss of heat at the ends and the rate of loss of heat into the composition per unit length of wire are constant. (6) Bridge-wire diameter
The first series of experiments made with a view to examining the effect of bridgewire diameter on the critical energy for ignition was carried out with a range of nichrome wires varying in diameter from 0*00126 to 0*00422 cm. The step length was kept constant "with the object of preserving a constant bridge-wire length throughout the series, but, owing to difficulties in the manipulation of such fine and fragile wires, control of this and other experimental factors was not so effective as in the earlier experiments. One batch of fuseheads was made with each diameter of wire, the mean length of the bridge-wire in each case being estimated, as before, from the mean fusehead resistance and the known Unear resistance of the original wire. The matchhead composition was the same as before, i.e. 80 % of LMNR and 20 % of potassium chlorate, and the fuseheads were tested along similar lines.
I t wiU be seen from figure 6, where the critical energy per cm. length of bridge-wire has been plotted against excitation time for each diameter of bridge-wire, that the characteristic Unear relationship is again evident, but the family of lines is not so weU ordered as in the previous experiment, presumably due to uncontroUed experi mental variables. The inconsistency appears to be associated with the slopes of the lines, with the consequence that the discrepancies are magnified at the higher excita tion times. On extrapolating to zero excitation time, the critical energies are found to be arranged in a logical order, increasing progressively with increasing diameter of bridge-wire. These features accord with our hypothesis, which predicts that experimental conditions may weU affect the leakage of energy, but the basic criteria for ignition by a standard method, or model, are characteristic of the explosive medium, which, of course, was constant throughout the series. However, the analysis of the quantity G requires a knowledge only of the critical energies at zero excitati time, and the appropriate values for the different diameters of bridge-wire, obtained from figure 6, are plotted against the area of cross-section Of the bridge-wire in figure 7. I t wiU be seen that the results can be represented by a straight line, the equation of which may be written
where E0 is the critical energy corresponding to zero excitation time, a is the crosssectional area of the bridge-wire and K and L are constants with respect to a. Thus the term G is shown to consist of two parts, one independent of the geometry of the heating element and the other directly proportional to the cross-sectional area
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of the bridge-wire. The inference is th a t we have a t last* separated the two com ponents of our ignition system, the term La referring to the bridge-wire and K to the portion of the explosive medium actively involved in an ignition. Accepting this view and bringing equation (6) back into energy units, we have where v is the volume of the bridge-wire. This, of course, is the energy equation for a completely insulated ignition system, and we now see th at the energy actually used in igniting the explosive medium is K l which, as might have been expected, is directly proportional to the length of the ignition system. The heat contained in the bridgewire a t ignition, and so not effectively participating in the ignition of the explosive medium, is, on the contrary, directly proportional to the volume of the bridge-wire. Moreover, the constant L has the dimensions of heat per unit volume and, with wires of the same material, i.e. of the same thermal capacity per unit volume, this 'means th at the temperature of the wire a t ignition is constant irrespective of the length or. diameter of the bridge-wire. In other words, we have not yet succeeded pi making any change in the bridge-wire which has had any effect on the temperature obtaining a t ignition. We are thus led to conclude th a t this temperature is not in any way affected by the characteristics of the bridge-wire and must, therefore, be a character istic of the explosive. In other words, the 'ignition tem perature', as postulated by the thermal theory of ignition, is a physical reality.
Having apparently isolated the heat contained in the bridge-wire, it is now possible to make a closer estimate of its temperature, i.e. the temperature a t which it ignites a mixture of four parts of LMNR to one part of potassium chlorate bonded together with nitrocellulose. We obtain L from the slope of the line in figure 7, and this is approximately 1450 joule/cm.3, or about 350 cal./cm.3. The thermal capacity of nichrome being approximately 0*92 cal./cm.3/0 C, the temperature of the wire a t ignition would, appear to be about 380° C. This is only a rough estimate, which ignores such factors as the temperature coefficients of resistance and specific heat, but as the present discussion is primarily concerned with the principles of ignition, numer ical figures are of secondary importance. The significant point is that, whereas our first approximation gave a value of 500° C, our second gives 380° C, and we may further anticipate that, when the energy equation is fully established, this too may have to be amended.
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The results have now led to the following formulation of the energy equation for ignition of a solid explosive medium by.hot wires:
where
and
Equation (9) gives the rate of dissipation of heat outside the ignition system. No attem pt will be made here to analyze this factor, largely because it plays a secondary role in the ignition process and its consideration in detail would complicate the discussion unnecessarily. I t may play a more prominent role in the propagation of ignition, th at is, if, as is commonly supposed, the unignited material is brought to its ignition point by heat conduction.
Taking equation (7), we have deduced th at the term K l refers to the explosive component of our ignition system and, for a given length of bridge, may therefore be expected, to be indifferent to variations in tbe material of the bridge-wire. Hence, dividing throughout by l, we have
where K is now a constant "with respect to bridge-wire material. Also, according to our interpretation, the term Lvjl represents the heat retained in unit length of bridge-wire and equals the rise in temperature, T , multiplied by the thermal capacity, c, of the wire per unit length. B ut we have deduced that, for a given explosive medium, T is constant, so that, if we vary the bridge-wire material, keeping the explosive medium oonstant, equation (7) becomes (10) where T is now a constant. Thus, by plotting against c, we should, if our infer ences are correct, obtain a. straight line, the inclination of which is the actual rise in temperature of the wire.
Strictly speaking, these predictions are based on the assumption th a t the geo metry of the ignition system is not significantly altered, but it is not easy in practice to preserve the same dimensions of bridge-wire.and still provide a reasonable range of variation in thermal properties. Nichrome, platinum and copper wires of com parable diameters were conveniently available, but the lead and tin wires used were much thicker, the former being approximately seven times and the latter about four times the diameter of the first three. These materials afforded a wide range of specific resistance, specific gravity, specific heat and thermal conductivity, besides which it was hoped th at the low melting-points of tin and lead, a t which fusion of the wires might be expected, would provide an independent check on the temperature. Using these wires to form the bridges and 80/20 LMNR/potassium chlorate as the matchhead composition, a series of fuseheads was made and submitted to the usual tests. Some difficulty was experienced in manipulating the lead and tin wires so th a t a longer bridge had to be accepted in these *two cases, the bridge-wire length being 7*7 to 7-8 mm. compared with 1*4 to 1*5 mm. for nichrome, platinum and copper. For each type of fusehead, the mean firing currents a t four or five different applica tion times were determined, but the range of application times obtainable with the tin and lead wires had to be limited because the fuseheads required firing currents greatly exceeding any contemplated when the apparatus was designed. The results obtained are represented graphically in figure 8 , where the critical energies per unit length of bridge-wire have been plotted against the excitation time.
Except for the lea,d wire, which required very heavy firing currents and' gave rather erratic results, the characteristic'straight-line relationship between critical energy for ignition and excitation time is again reproduced. In the case of the lead wire, the line has been drawn in what is considered the most likely position and can only be regarded as a plausible representation of the experimental results.
The values of E J l, expressed in cal./cm., have been plotted against the capacity of the wire/cm. length in figure 9 , and it will be seen th a t the results suggest a linear relationship between these two quantities, as predicted. The slope of thi« line, which should represent the temperature of the wire a t ignition, gives a numerical capacity, we can eliminate the substance of the wire-but not its diameter on this occasion-and find how much heat is required to ignite the explosive medium when none is retained by the wire. The numerical value of this critical quantity of heat is approximately 2-5 x 10-3 cal., which is of the same order of magnitude as the previous estimate of 0-5 x 10-3 cal. I t is difficult to say a t this stage whether or not the dis crepancies between these numerical estimates are significant, but the fact th at an increase in the quantity of heat attributed to the explosive medium is accompanied by a drop in the temperature of the wire is rather disturbing. This point will be reverted to later. Another interesting test which can be applied to the results is to calculate, as before, the temperature of the bridge-wire on the assumption th a t no heat is given up to the explosive medium. The results of this calculation are represented in figure 9 , and it will be seen that, with increasing heat capacity of the bridge-wire, the apparent temperature at first falls extremely rapidly but soon approaches a steady value which agrees with the figure given above, namely, approximately 310° C. Thus, extrapolation to infinite heat capacity gives much the same result as extrapolating to zero heat capacity, which further emphasizes the fact th at the temperature of the wire a t ignition has little to do with the characteristics of the bridge-wire.
The attem pt to estimate the ignition temperature from the melting-points of the wire materials, on the assumption th at a wire fuses a t or near its melting-point and, by breaking the circuit, arrests any further rise in temperature, was not successful, possibly because the molten metal was retained in position by the rigid matrix surrounding it. On the other hand, the possibility th at the actual temperature of ignition may be much lower than these approximate estimates cannot be entirely ignored.
Fusehead composition
I t has been shown that, to effect ignition of a solid explosive medium by a heated filament, it is necessary not only to establish a certain critical temperature but also to communicate a certain critical amount of heat. Whereas the first criterion follows from the thermal theory, the significance of the latter is not immediately obvious. If, however, we assume that the temperature of the explosive component of our ignition system is constant, the critical quantity of heat corresponds to a critical quantity of explosive heated to the critical temperature, and we have-now introduced a geometrical factor.
The ignition system has finite dimensions and must be expected to remain finite even when the heating element tends towards vanishing point. A t this point the system has been reduced to its most elementary form; the source of heat is a mathe matical line having no substance, and the ignition system contains explosive medium only. If we now make the bold assumption th at this limiting size is determined by the geometry of our chosen model, i.e. that it has no Connexion with the thermo chemistry of ignition, we can treat this factor as a constant with respect to the explosive medium. Interpreted broadly, this means that, with a line source of heat, the amount of explosive concerned in an ignition is the same whatever explosive is used, and the critical quantity of heat will be proportional to the critical temperature for all explosive media. While this may be far too simple a view of the ignition process, it provides a basis for analyzing the relationship, if any, between these two critical quantities when the explosive medium varies.
•The explosive media used for this purpose were (a) copper acetylide, and (6) a mixture of five parts by weight of potassium chlorate to one of birchwood charcoal, the solids being bonded together, as before, with nitrocellulose. The preparation and testing of the fuseheads followed the same lines as those described previously. The critical energies at zero excitation time, expressed in cal./cm., have been plotted against the thermal capacity of the bridge-wire, also expressed in cal./cm., in figure 10 for the two compositions concerned. This graph also includes the earlier data Fioxjre 10. Relation between critical energy for ignition and thermal capacity of bridge-wire.
for the LMNR/chlorate composition obtained (1) by varying bridge-wire diameter, and (2) by varying bridge-wire material. Figure 10 thus summarizes the results obtained in the present investigation.
As before, the relationship between the critical energy for ignition and the thermal capacity of the bridge-wire is linear for a given explosive, but the results now show that this relationship varies from one explosive to another. From the fact that the slope of the line was found to be independent of the characteristics of the bridge-wire, we had already deduced that it was probably a function of the explosive medium, and it is now shown that this inference was correct. Again, the slope of this line is a rough measure of the apparent temperature of the bridge-wire at ignition and, confining our attention to the results obtained by extrapolation to zero wire dia meter, we find that the critical temperatures for the LMNR/chlorate, copper acety-lide and charcoal/chlorate compositions are respectively 380,440 and 740° C approxi mately. Associated with these critical temperatures we find critical quantities of heat of approximately 0*5, 0-6 and 1;0 x 10-8cal./cm. respectively. I t will be noted th at these two criteria for ignition bear an approximately constant numerical ratio one to the other and, while some doubt is felt if the accuracy of the present method justifies this extreme step in the analysis, this does suggest, as we have seen, th a t with a line source of heat, the amount of explosive concerned in an ignition is constant. If the temperature depends on the explosive and the quantity on the source, then it may be inferred that, in the, ignition of an explosive medium by a source of heat conforming to a particular geometrical model, certain geometrical requirements are superimposed on those arising from the physico-chemical properties of the medium itself.
Referring to the results obtained with bridge-wires of different materials, it will be appreciated that, in this experiment, the substance of the wire was made to vanish without eliminating its size and shape, the result being th a t our ignition system was left with an empty space along its axis. According to our results, this had the effect of slightly reducing the critical temperature and substantially in creasing the critical quantity of explosive concerned in an ignition. This suggests th a t the critical amount of explosive tends to increase with increasing diameter of the heating element, and this obviously throws some doubt on'the validity of our assumption th a t the whole of the energy represented by the term Lv is contained in the bridge-wire. If part of this energy is actually located in the explosive medium, our estimated temperatures are still too high, and, until this point is clarified, the calculated temperatures can only be regarded as approximations, the true tem peratures being probably somewhat lower.
D i s c u s s i o n
Taking the results of the investigation as a whole, it may be concluded th a t the ignition of a solid explosive by a heated filament embedded in the medium is a purely thermal process. When suitable precautions are taken to avoid conversion of heat into work, the energy equation takes a simple form which may be interpreted as showing th at the critical factor, in so far as the explosive is concerned, is the tem perature. The geometry of the heating element probably determines the amount of explosive which must be raised to the critical temperature to ensure ignition. These criteria are independent of the time factor, and the increase in ignition energy ob served with increasing time of heating is attributable to heat losses sustained by the ignition system during,the heating period.
Strictly speaking, these conclusions apply only to ignition under the conditions specified, and it is well to bear in mind the limitations of the present investigation. In the first place, the experiments were confined to a range of solid explosives, and an extension of the work to other physical states of m atter would seem desirable. Moreover, as the solids were bonded together to form a rigid matrix, the ignition system may be described as static, whereas ignition often occurs under conditions which, for contrast, might be termed dynamic. To quote the illustration used in the introduction, heat cannot be generated in a gas a t constant pressure without a t the same time causing expansion and doing external work. In such a case the energy equation must contain the appropriate thermodynamic terms. Furthermore, the present model is based on a line source of heat, and it would facilitate mathematical generalization if data were available for another simple model, such as a point source or plane surface.
Granting th at the above conclusions have only a limited application, it is never theless very remarkable th at the energy equation for ignition appears to contain no v term involving the heat of reaction. I t would appear, therefore, th at the heat of reaction does not enter into the process of ignition to any significant extent, and it must be concluded that, under these conditions of ignition, the specified criteria must be completely fulfilled before the exothermic phase of the reaction begins. Pre sumably, therefore, ignition occurs suddenly and simultaneously throughout the ignition system whenever the critical state is reached.
In conclusion, the author wishes to acknowledge th at the experiments described in this paper were designed and carried out by Dr H. P. Stout, who was also largely responsible for the development of the experimental methods. Thanks are also due to Messrs G. Richards, I. G. Cumming and W. C. Wamock for assistance given a t various stages in the investigation.
